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Introduction

Abstract

The determination of the atomic positions from
high resolution transmission electron micrographs is
only possible if the optical parameters are known with
a certain amount of accuracy, and if reliable throughfocus series are available to match the experimental
images with calculated images of atomic models (see
e.g. Yamashita et al. 1982). The main limitation in
interpreting images at the atomic level is the lack of
knowledge of the optical parameters such as beam
alignment, astigmatism correction and defocus value.
Under ordinary conditions, the uncertainty in these
values is sufficiently large tu prevent the accurate
determination of the atomic positions. Therefore, in
order to effectively utilize the resolution power of the
microscope (nowadays under 0.2nm for many high
resolution microscopes) it is necessary to take
extraordinary measures.
Image pickup in the high resolution transmission
electron microscopy (HRTEM) (Sinclair et al. 1982) is
nowadays a commonly used capability and allows the
storage of digitized video images at TV rates that can
later be analyzed quantitatively
to determine the
experimental
values of the microscope optical
parameters. Procedures for focusing, astigmating and
alignment have been developed by W. 0. Saxton et al.
1983 and others. The use of on-line computers has
been proposed [see e.g.: Erasmus et al. 1982; Krivanek
et al. 1983; Smith et al. 1983] and used with a limited
amount of success. The limitations have mainly been
associated with (a) insufficient computer speed and
memory access and (b) the ease of operation of the
software, i.e. ease to perform commands and store
data. In recent years, advances in hardware and
software have started producing solutions to these
limitations (See e.g. Smith et al. 1987; Koster et al.
1987; Koster et al. 1989; Marks 1990; de Ruijter et al.
1990; Kobayashi et al. 1990; Ito et al. 1990; Ponce et
al. 1990).
.
The present
generation
of object-oriented
programming plus the interactive window systems
which are available in most mid-sized computer
workstations, make it possible to build software which
is extremely easy to use by even computer-illiterate
operators. Thus it is possible to string up a series of
programs and, with the help of a mouse and menus, it
is possible to quickly and instinctively do microscopy
in a quantitative manner. A significant advance in
hardware was the production of image processors like
the one by Synoptics in Cambridge, England.
Its

Recent advances in hardware and software make
it possible to perform real-time image processing, and
to do simultaneous analysis of the image characteristics in the transmission electron microscope (TEM).
We have used a commercially available image
processor and a suitable computer/TEM interface to
build a automated computer-control system for a
JEOL 4000EX TEM. We report here the characteristics of the system, which has direct access to all
electronic controls of a JEOL 4000EX. The various
microscope parameters
are set by changing one
parameter
at a time while the image processor
measures a specific image variable such as the
variance. From the plot of the variable the program
select its optimum value. Through-focus series are
taken at the speed of one frame per second, which
allows time for reaching electron lens stability,
storage of the image, calculation of parameters such
as contrast, and the plotting of values; all of this
occuring while the image series is being generated.
Results obtained using this system for on-line
processing and computer control for crystalline and
amorphous materials are presented.
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Fi~ure 1. Schematic Diagram of the image acquisition
an processing system.

CD

SysTEM allows specialized image processing for TEM
which is simple and convenient to use.
Image
processors of this sort allow real-time, video-rate, online image pickup and processing.
The various
functions that are built into the system allow on-line,
continuous
diffractogram
calculations.
These
operations are greatly facilitated by the use of a
mouse, the access to multiple image stores, and
convenient access to an image database.
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of a Computer Control System

We have built a system that can perform
operations at the speed of one 512x512-pixels frame
stored and analyzed per second. A schematic diagram
of the image acquisition and processing part is shown
in Figure 1. The TEM video signal is fed into the
SysTEM boards. An IMAGINE (Synoptics) image
processor improves the signal-to-noise
ratio by
recursively averaging with a time constant, usually
set at 0.25 sec. The images can be operated with the
Semper Image Tool, or can be quantitatively analyzed
to obtain diffractrograms, contrast values, etc. A
schematic diagram of the computer-control system is
shown in Figure 2. A JEOL 4000EX microscope
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Figure 3. Algorithm for image analysis and optimization of microscope parameters for computer control.
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Figure 4. System for image processing and computer control of the TEM. The software is divided into (a) Image
processing programs, (b) mouse-driven applications, and (c) TEM control programs.
various programs:
(a) Image Processing Program. This program
measures the contrast and matches patterns from
digitized images.
The value of the contrast is
determined by calculating the variance or covariance
of the digital images.
Patterns are matched by
selecting a portion of the image and minimizing the
respective
substraction
from the image being
compared.
This technique is called template
matching
and is a popular method in image
processing.
(b) Mouse-Driven Applications. A full selection of
buttons gives direct access to the microscope
parameters (such as focus and astigmatism), as well
as to certain operations which will run automatically
once they are initiated by the appropriate button
(such as comma-free
alignment,
astigmatism
correction, and drift correction).
(c) TEM Control Programs. The application
programs (e.g. focus control) should access some of the
TEM's parameters.
This program sends to the
microscope the appropriate command in order to
change those parameters.
A semaphore is used to
avoid the contention of requests from several
applications.
Hysteresis correction of the objective
lens is also done in this program.

equipped with an external computer interface is
directly linked to a SUN workstation. All electrical
parameters in the microscope can be changed via this
interface by the use of a set of commands. The image
is received from a video camera.
The computer
software is based on a multi-window system and is
controlled by a mouse.
All operations can be
performed by clicking the mouse on the suitable
windows and buttons. This capability leads to a high
degree of friendliness, ease of operation, and high
operator speeds.
Image analysis can be done in
various ways. Here, we have measured the image
contrast and used it to optimize certain parameters.
The system is designed to have instant access to: (a) xand y- alignment coils, (b) x- and y- astigmatism
correction coils, and (c) objective lens current. The
algorithm is shown in Figure 3.

Characteristics of the System
Basic Erograms:
T ese programs provide the basic functions which
are commonly used in all the applications. Figure 4 is
a diagram that illustrates the relationship among the
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Figure 5. Contrast (variance) curve as a function of defocus for an amorphous-silicon thin film taken at intervals
of 7.8 nm in defocus. Least-squares fit at minimum 1gontrast value is shown. Images are shown on the right for
defocus values of: (a) -496A, (b) -136A and (c) + 314A.
SUN-View applications:
These programs provide an interactive user
interface to control the TEM. Users can execute all
functions by clicking buttons, setting values using
sliders, and selecting from menus.
(a) Control panel. Every lens and deflector,
accelerating voltage, spot size, and magnification can
be controlled from the external computer via a serial
interface.

(b) Focus and astigmatism control. This program sets the objective lens focus or astigmatism
values to the position where the image has minimum
image contrast and shows the graph of the
contrast/defocus (or astigmatism).
(c) Comma-free alignment. This is a program
to adjust beam alignment using beam tilt. The beam
is tilted to plus or minus an angle alternatively. Auto
alignment is done by pattern matching.
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Fi~re 6. Contrast (variance) curve as a function of defocus for a CdTe crystal taken at intervals of 4.5 nm in
deocus. Lep.st-Squar~s fit at minimum contrast value is shown. Images are shown on the right for defocus values
of: (a) -496A, (b) -136A and (c) + 44A.
(d) Drift correction. This application is useful if
the drift is linear. It measures the direction and
velocity of the drift by pattern matching and changes
the image shift coil current regularly.
(e) Image store. One image or series of images
(e.g. 30 through focus images) can be stored on the
disk and restored from the disk later.

represented by each data point in the curve. In this
manner, it is possible to obtain through-focus series
images with instant determination of the defocus
values. The minimum contrast value can be verified
in real time, and the acquisition of images does not
involve the characteristic
mechanical vibration
associated with the plate movements of the
photographic camera.
We have observed some
hysteresis in the values when cycling the current
through the objective lens. The hysteresis can be
minimized by decreasing the lens current below a
certain value before restarting a through focus series.
We must stress that knowing the defocus values of
image series obtained in this manner is extremely
valuable in high resolution TEM. In a similar
fashion, it is possible to correct the astigmatism by
minimizing the contrast observed for changing
currents though the astigmator coils.

Through-Focus Series
As an example of the capabilities of this system ,
we present the following results from through-focus
series (TFS) taken from amorphous and crystalline
samples.
Amorphous sample
Figure 5 shows a TFS taken from an amorphous
silicon sample. Amorphous structures have the best
behavior for continuous variation of the image
contrast with defocus.
The image contrast is
displayed for changing objective lens current (defocus
value).
The display is calibrated in angstroms.
Images are stored on the disk and are accessible by
clicking the data points in the graph which appears in
the CRT display. The contrast-vs-defocus curves are
usually smooth and a minimum value of the contrast
is easily obtain. The minimum contrast value (b in
Fig. 5) can be then defined as the corresponding
Gaussian defocus value (known to be -136 for the
microscope in question), and an accurate value of the
defocus is known immediately for the micrographs

Crystalline samfcle
Figure 6 s ows an example taken from a thin
CdTe crystal. The image contrast is displayed for
changing objective lens current (defocus value). The
display is calibrated in angstroms. As before, the
images are stored on the disk and are accessible by
clicking the data points in the graph. Not all our
experiments yielded "acceptable" results, indicating
that crystalline samples without an amorphous rim
sometimes tend to have unexpected behavior, which
can be associated with the tilt of the crystal with
respect to the axis of the microscope. The sensitivity
to crystal tilt is probably the most difficult task for
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which we do not yet have a method for correction. In
spite of this difficulty, it is possible to obtain a region
with the suitable behavior as shown in Fig. 6. We
must emphasize the value of achieving series of
images as shown in the figure in the evaluation of the
meaning of the image contrast.

Conclusions
The results reported here allow to perform
HRTEM in a new fashion.
The mouse control
increases the speed of operation and does not require
computer expertise to do the microscopy.
Both
quantitative and qualitative aspects of the images are
instantly available for comparison. Because of the
short intervals between frames, frame to frame
comparison easily allows drift correction to be
automatically incorporated during a through-focus
series image acquisition.
This leads to increased
accuracy in the evaluation of the atomic structure of
defects and interfaces in crystalline
materials.
Certain limitations (such as artifacts associated with
sample quality,
interaction
among microscope
variables, etc.) provided further challenges. To our
knowledge this has been the first demonstration of a
fully integrated system for computer-aided high
resolution microscopy. We believe that quantitative
high resolution TEM must use a system similar to the
one described here. Applications to the determination
of atomic arrangements
at interfaces
between
dissimilar
materials
and at defects such as
dislocations should follow. Building a whole system
from scratch is a major enterprise for individual
researchers given the number of skills that are
necessary. This work was possible by the cooperation
between JEOL who supplied proprietary knowledge of
the operation of the microscope and Xerox Corp.
where we have attempted for many years to achieve
routine quantitative atomic-resolution TEM.

Discussion

with Reviewers

Reviewer 1: You mention that, historically, the
major limitations
in applying on-line computer
control for HRTEM were (a) the insufficient
computational power of commercially available image
processing, and (b) the lack of user-friendly software.
As you describe, with the increase of computational
power during the last few y~rs, these limitations
have been overcome. However, you do not mention
the limitations due to the relatively poor quality of
video cameras and due to the limited speed and
flexibility of computer-microscope interfaces. Could
you indicate what the pros and cons are for using (a)
high quality CCD cameras instead of video cameras
for on-line image processing and microscope control,
and (b) of using commercially available computer microscope interfaces instead of self-made interfaces.
Authors: (a) CCD cameras have become available
only recently. The CCD cameras available in 1990
were about 380x570 pixels. This is below the density
attainable
by digitization from conventional TV
cameras (about 640x480 pixels). It is estimated that
by 1993 CCD cameras with 1024x1024 pixel will be
available, and the quality and area of CCD cameras
will improve with time.
At the time of this
conference, I believe that the CCD cameras are
overtaking the conventional videcon systems in
quality of images. However, as the density of pixels
increase so does the time necessary for transfer of
images from the camera. Thus, a CCD camera is very
slow (5 sec to read out for a lM pixel frame) when
compared with a video camera connected to an image
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processor such as SysTEM (30 frames/sec for 0.3M
pixel image). Speed is important for the applications
described in this work, and the quality of the images
was adequate.
In summary, we believe that CCD
cameras will eventually become good substitutes for
photographic plates; and video cameras will continue
being the choice for computer control.
(b) When we started our project in 1989, there
were no commercially available computer-microscope
interfaces. One difficulty with self-made interfaces at
that time was that manufacturers were not willing to
make the microscope microprocessor code available to
the public, and to achieve control of the microscope it
was necessary to have full access to the microscope
electronic controls.
We resolved this obstacle by
establishing a collaborative project between JEOL
and Xerox, where the proprietary knowledge from
JEOL was preserved.
We see the tendency of
manufacturers to make their machines more open to
the users, and new models are beginning to include
interfaces which give a more complete access for
microscope control.

M. A. O'Keefe: Please comment on the quality of
images obtained at TV rates (both with and without
recursive averaging)? What TEM magnification at
the detector was necessary to ensure a good MTF
(modulation transfer function to the highest spatial
frequency present in their images?
Authors:
Depending on the electron beam
intensity, images obtained at TV rates are usually
quite noisy. Appropriate recursive averaging reduces
the electronic noise to almost unnoticeable levels.
The magnification is usually set so that 3 pixels will
correspond to the highest expected meaningful spatial
frequency. For example, if the detection screen of the
camera is lxlcm2, and has 500x500 pixels, each pixel
has a lateral dimension of 2xl0-3 cm. If the highest
spatial frequency (point resolution) is 0.2nm, then 3
pixels/(0.2nm) will require a magnification of about
300K times.
M. A. O'Keefe: Some auto-alignment and autostigmation schemes require an amorphous sample in
order to work at all. On the other hand, the authors
show a defocus calibration obtained with a crystalline
sample (Fig. 6). Is their method of auto-alignment
and auto-stigmation useful with crystalline samples?
Authors: We performed our experiments using
cross-section
samples
of amorphous
films on
crystalline samples. Thus, we used the neighboring
amorphous region to perform the autoalignment and
auto-astigmation, and then moved on the crystalline
region to perform the through focus series shown in
Fig. 6. We did not successfully and reproduceably
obtain reasonable results using only crystalline
samples.

Reviewer 1: For HRTEM the possibility of
automatic drift corrections is exciting. Could you
indicate what the practical obtainable accuracy of
drift correction is, and on what factors this accuracy
depends?
Authors: Drift correction depends on the ability
to recogmze a feature in the image. Thus, in the case
of lattice discontinuities such as dislocations, and
microprecipitates,
recognition may sometimes be
easier than in other cases. Next, one must estimate
the drift rate, which depends on the sample time. If
the drift rate fluctuates with time, as is the case with
thermal fluctuation, then the correction may not be
that accurate.
At least in theory, however, if the
system recognizes the same feature in each frame, it
can always correct the overall position of the image
pixels so that the averaged image will have had the
drift component removed.
Reviewer 1: For automatic focus correction you
mention that disturbing effects due to hysteresis of
the objective lens are corrected for. Could you explain
how this is done?
Authors: The method is the one traditionally
used where the lens current is increased in one
direction towards saturation and then set to the
desired value. If the lens current is always reached
from the same value of saturation, the hysteresis
effect from the lens is removed.
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